M oyamoya disease (MMD) is characterized by the presence of net-like collateral vessels at the brain base that are caused by progressive major cerebral artery occlusion.
Materials and Methods

Participants
This prospective study was approved by the Research Ethics Committee of Hokkaido University Hospital. Written informed consent was obtained from all participants.
The inclusion criteria were clinical diagnosis of idiopathic MMD according to the consensus criteria and guideline for MMD proposed by the Research Committee on Spontaneous Occlusion of the Circle of Willis and age of >20. 10 The exclusion criteria were quasimoyamoya syndrome with conditions such as Down syndrome and neurofibromatosis, cortical infarction or subcortical lesion of >8 mm in the largest dimension on conventional MRI, intracranial hemorrhage, revascularization surgery before the study, apparent neurological deficit because of stroke, and comorbid illnesses that could affect cognition. After exclusions, 23 patients (6 men, 17 women, 21-58 years; mean age, 40.9±9.5 years) were enrolled. The selection period was 25 months (from April 2012 to April 2014).
The inclusion criteria for controls were no clinical evidence of psychiatric or neurological disorders, normal intelligence quotient as assessed by the Japanese version of the Nelson Adult Reading Test, 11 no brain lesions on conventional MRI, and no medication that could affect cognitive function. The control group also comprised 23 subjects (10 men, 13 women; 25-56 years; mean age, 39.0±8.1 years). The mean estimated intelligence quotient was 108.3±6.6.
Hemodynamic Status Assessment
Cerebrovascular reactivity assessed by single positron emission computed tomography was used to determine the hemodynamic status in patients with MMD. A cerebrovascular reactivity of <15% in the leftor right-middle cerebral artery territory was considered as a hemodynamic compromise. Single positron emission computed tomography was performed within 7 days from MRI in 18 patients (Appendix I in the online-only Data Supplement).
Neuropsychological Assessment
The neuropsychological assessment was performed in all patients with MMD. A neuropsychological battery sensitive to cognitive dysfunction because of frontal lobe injury was used and comprised the Wechsler Adult Intelligent scale-III, Wisconsin Card Sorting test, Trail Making Test (TMT; parts A and B), continuous performance task, Stroop test, and reading span test. Details are provided elsewhere (Appendix II in the online-only Data Supplement). Neuropsychologists blinded to the clinical data performed the tests. The interval between the neuropsychological tests and MRI was <1 month.
MRI Analysis
MRI was performed on a 3.0-T imager (Achieva TX; Philips Medical Solutions, Best, The Netherlands). Three-dimensional magnetization-prepared rapid gradient-echo T1-weighted imaging and axial single-shot spin-echo echo-planar DTI were performed to evaluate subtle gray and white matter alterations. The scan parameters are detailed elsewhere (Appendix III in the online-only Data Supplement). In addition, axial fast spin-echo T2-weighted imaging and fluid-attenuated inversion recovery imaging were also performed in patients with MMD to rule out cortical and subcortical infarctions and evaluate white matter hyperintensities.
Image Processing and Evaluation
Identification of Gray Matter Alterations
Three-dimensional magnetization-prepared rapid gradient-echo images were used to compare gray matter density voxel-by-voxel between patients with MMD and controls. The steps for voxel-based morphometry of FSL (FSL-VBM, version 4.1, http://www.fmrib. ox.ac.uk/fsl) using default parameters were followed 12, 13 (Appendix IV in the online-only Data Supplement). Age was considered as a covariate. A P<0.05 after correction for family-wise error was considered statistically significant.
Identification of White Matter Alterations
To identify subtle white matter alterations, the 4 major DTI indices (FA, MD, AD, and RD) were first extracted from the DTI using the Diffusion Toolbox of FSL and the default parameters.
12-14 Correction for eddy current distortions and motion was performed before extracting the indices. Differences in the major DTI indices between patients with MMD and controls were then tested using tract-based spatial statistics, which is a part of FSL. The default parameters and steps recommended by the software developers were used (Appendix V in the online-only Data Supplement). Age was a covariate, and results were corrected for multiple comparisons across space using threshold-free cluster enhancement. For each major DTI index, the mean value and number of voxels reaching statistical significance (threshold-free cluster enhancement-corrected; P<0.05) were calculated.
Probabilistic tractography was performed using FLIRT and BEDPOSTX (Appendix VI in the online-only Data Supplement). Sixteen cortical regions and bilateral thalami, which mediate intelligence, working memory, executive function/attention were selected as the seed regions. The entire brain was selected as the target region. For each probabilistic tract, the number of voxels and mean FA value were calculated.
Correlation of Microstructural Alterations With Hemodynamic Compromise and Neurocognitive Function
Voxels with abnormal gray matter density in patients with MMD were tested for correlation with the major DTI white matter indices. Any gray or white matter alterations were tested for correlation with age, presence of ischemic symptoms, hemodynamic compromise, and neuropsychological performance. Pearson product-moment correlation analysis (correlation with age, Wechsler Adult Intelligent scale-III, TMT A and B) or permutation tests performed >10 000× (presence of ischemic symptoms, hemodynamic compromise, Wisconsin Card Sorting Test, Stroop test, continuous performance task, and reading span test; a cutoff value was applied for the latter 4 tests) were used for these purposes. For all correlations or comparisons, a P<0.05 was considered statistically significant.
Results
Patient Characteristics
Patient characteristics are summarized in Table. There were no significant differences in age (P=0.47) and sex (P=0.35) between patients and controls. Cerebral blood flow at rest, cerebrovascular reactivity, and prevalence of comorbid risk factors did not vary significantly between the symptomatic (ie, transient ischemic attack, n=10 and asymptomatic, n=13) patients. White matter hyperintensities were observed in 10 (43.5%) patients with MMD on T2-weighted or fluid-attenuated inversion recovery images. Hyperintensities were also more frequent in the symptomatic patients (7/10; P<0.05). The mean full-scale intelligence quotient of patients with MMD was 94±13. The neuropsychological assessment results of the patients are summarized in Table I in the online-only Data Supplement. There were no significant differences in the full-scale intelligence quotient or scores of other Wechsler Adult Intelligent scale indices or other components of the neuropsychological battery between symptomatic and asymptomatic patients.
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White Matter Alterations
Tract-based spatial statistics showed a significant widespread FA decrease and RD increase in patients with MMD, (55.2% and 42.5%, respectively, of the entire skeleton; Figure 2 ). Some voxels with FA and RD alterations also revealed significant MD increases. Voxels showing MD increases occupied 20.9% of the mean FA skeleton. Regarding AD, no voxels survived after correction for multiple comparisons, although AD decreases were observed mainly at the superior longitudinal fasciculus and cingulate bundle when correction was not performed (uncorrected P<0.05). Probabilistic tractography also revealed decreases in the mean FA of several white matter tracts in patients with MMD. The number of voxels of each tract of patients with MMD did not vary significantly from that of controls.
Correlation of Microstructural Alterations With Hemodynamic Compromise and Neurocognitive Function
The density of the cingulate cortex of the patients significantly correlated with the mean FA (r=0.54; P<0.0001) or RD (r=−0.41; P<0.01) of the white matter skeleton (Figure 3 ).
The density of the bilateral PCC (http://fmri.wfubmc.edu/ software/PickAtlas) and the mean FA of the white matter skeleton of patients with MMD had inverse associations with age (r=−0.43; P<0.01 and r=−0.57; P<0.005, respectively; Figure  I in the online-only Data Supplement). The local gray matter density or major DTI indices did not vary significantly between symptomatic and asymptomatic patients. Patients with hemodynamic compromise had significantly lower PCC densities than their counterparts, but the means of each major DTI index of the white matter skeleton did not vary between these 2 groups.
Both the PCC density and mean values of the major DTI indices of the white matter skeleton were not significantly associated with neuropsychological performance. However, the mean FA of the following white matter tracts significantly associated with neuropsychological performance (Table II in 
Discussion
Adult patients with MMD suffer long disease duration. Thus, adult MMD is useful for studying the subtle effects of chronic hypoperfusion on the brain microstructure. This study revealed a decrease in the bilateral PCC density and widespread white matter areas with an FA decrease and RD increase in patients with MMD, alterations that were associated with age. In addition, the bilateral PCC density was significantly associated with hemodynamic compromise, and the mean FA values of the white matter tracts of the dorsolateral prefrontal, cingulate, and inferior parietal regions were significantly associated with neuropsychological performance.
PCC is associated with arousal, attention, internally directed thoughts, and environmental change detection. 15 Focal lesion confined to PCC has rarely been reported, therefore, neurocognitive consequences have remained unclear. In stroke, memory disturbances rather than a perceptual error has been reported, however, concomitant involvement in the fornix and the corpus callosum might have been responsible for the cognitive dysfunctions in a large part. 16 Connectivity of PCC is reduced in aging, trauma, Alzheimer disease, autism, schizophrenia, depression, and attention deficit hyperactivity disorder. 15, 17, 18 PCC comprises part of the default mode network and its failure to deactivate during the task is considered responsible for the attention lapses. 19 In this study, we speculate that the volume reduction in the cingulate may be because of the reduced white matter connectivity. Vulnerability of the posterior part of the cingulum may be explained by its high energetic demand, where PCC consumes 40% greater cerebral blood flow and glucose compared with other brain lesions. 
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We speculate that PCC is one of the key neural substrates of attention deficit frequently observed in adult MMD. White matter is vulnerable to chronic ischemia. 21 The reported white matter changes in chronic ischemia include demyelination, axonal loss, and gliosis. [22] [23] [24] The observed altered DTI indices of white matter also reflect these changes. The major DTI indices are sensitive to changes in the brain's microstructure associated with myelination, axonal membrane integrity, axon and glial density, and coherence of axonal orientation. 25 Generally, neuronal or axonal loss and myelin degeneration are associated with MD increase, which is because of the loss of cell structures that restrict water molecular diffusion, and with FA decrease, which is because of a decline in the alignment degree of highly organized cellular structures (axons and myelin). The observation of a wider area of FA alterations than MD alterations suggests that FA is more sensitive to white matter alterations. More specific information about myelin and axonal damage can be obtained by incorporating the directional DTI metrics, such as RD and AD. The former reportedly reflects the degree of myelin breakdown, whereas the latter reflects axonal damage and Wallerian degeneration. 26, 27 The preferential increase in RD observed in this study may reflect that the major pathological change in white matter in MMD is from demyelination/myelin breakdown. In this study, the exploratory analysis revealed a trend toward AD decrease in the long white matter tracts that run posteroanteriorly, although none of these voxels survived after correction for multiple comparisons. The tendency toward AD decreases in these tracts may reflect axonal swelling associated with Wallerian degeneration. We hypothesize that these white matter tracts are more vulnerable to ischemia compared other tracts.
In this study, the altered white matter integrity did not significantly associate with hemodynamic compromise. Taken together, the observed correlations between the mean FA of the white matter skeleton and age suggest that the disease duration may have a higher effect on white matter integrity than the severity of ischemia. 7, 8 Alternatively, chronic ischemia in MMD may lower the threshold for age-related decline in white matter integrity. 21 Our results also showed an agerelated decline in the PCC density, which suggests regional variation in vulnerability to chronic ischemia. The present results may provide some insight into the potential role of the revascularization surgery. It is conceivable that the already damaged gray and white matter may be less likely to normalize even after hemodynamic improvements. Given that the duration of chronic ischemia rather than severity may have more effect on the white matter integrity, early surgical intervention might be effective for preventing microstructural damage and cognitive dysfunctions in adults. Similarly, early surgical intervention may facilitate normal white matter development and intellectual outcome in children.
Consistent with previous reports, impaired executive function/attention and working memory were observed in ≈30% of patients with MMD. 2, 3, 28 In this study, we investigated the role of the dorsolateral prefrontal cortex, inferior parietal lobe, and cingulate cortex because these areas are reportedly associated consistently with executive function and working memory/ attention. [29] [30] [31] The mean FA values of the dorsolateral prefrontal area (middle and superior frontal gyri) significantly correlated with neuropsychological performance, suggesting that the area serves as a domain for working memory, executive function, and attention. This observation is consistent with that of previous studies demonstrating the association between cognitive function and the integrity of white matter fiber tracts integrating the frontoparietal cortical areas. 29 The frontoparietal control network constitutes the dorsolateral prefrontal cortex, anterior cingulate cortex, presupplementary motor area, anterior insula, and PCC. 15 It should be emphasized that the mean FA values of the fibers originating from the left PCC were associated with TMT B and A in this study. TMT B and A is not associated with visuoperceptual and working memory and serves as a relatively pure indicator of executive control abilities. 32 This observation indicates that the white matter connection from PCC is associated with executive function. This study had some limitations. First, the study population was small. The lack of neuropsychological data for assessing the frontal lobe functions in the controls may have resulted in a lack of statistical significance across comparisons. Second, the seed regions putatively associated with frontal lobe-mediated cognitive functions were used for probabilistic tractography. However, previous functional MRI studies demonstrated that the temporal lobe is also associated with working memory. 33 Third, white matter integrity is associated with age and sex. 34 Sex was not completely matched in the study population and may have influenced the results of the comparison between patients and controls. Further investigation in a large population, preferably a multicenter study, is warranted to help identify the prevalence of cognitive dysfunction and the relationship with other neuroimaging markers, 35 which will ultimately lead to determine optimal indication for the revascularization surgery.
Conclusions
Steno-occlusive changes in the major cerebral arteries in MMD cause microstructural brain damage, primarily in the cerebral white matter and impair executive function, working memory, and attention. The clinical significance of this study findings is that early detection of microstructural changes can enable early therapeutic intervention to improve patient cognitive outcome.
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Appendix-I: Hemodynamic status assessment
Cerebrovascular reactivity (CVR) was expressed as the percent changes of the regional cerebral blood flow (rCBF) from the baseline after intravenous acetazolamide injection. CVR less than 15 % in the left or right middle cerebral artery territory was considered as hemodynamic compromise.
In 5 of 13 asymptomatic MMD patients, the hemodynamic status had already been evaluated by using positron emission computed tomography (PET) in 2004-2009. All of them had normal resting state rCBF, cerebral blood volume and oxygen extraction fraction. As none of them had ischemic episode, no further hemodynamic assessment was carried out. These patients were rated as free of hemodynamic compromise based on the results of PET study.
Appendix-II: Neuropsychological assessment
The WAIS-III provides the index scores for overall intellectual ability (Full-scale IQ), language, verbal ability (Perception Reasoning/ Organization Index), auditory attention and mental manipulation (Working Memory/ Freedom from Distractibility Index), and visual-motor speed (Processing Speed Index)  with the mean score of 100 and standard deviation of 20.
The WCST measures the ability for strategic planning, organized search, utilization of environmental feedback to shift cognitive sets, directing behavior toward achieving a goal, and modulating impulsive responding 1 . It is known as a measure of executive function.
The Trail-Making Test -Part A and B assess the speed of information processing and executive functioning, respectively.
The CPT measures a person's sustained and selective attention and impulsivity. It is composed of repetitive, "boring" task that requires concentration over a period of time.
The Stroop test measures sustained attention. A reaction time delay was examined in naming the color of the word printed in an unmatched color.
The RST is a complex verbal test which evaluates both storage and processing (i.e., reading) elements of working memory 2 . The scores are expressed as the total number and proportion of words correctly recalled.
Appendix-III: The MR imaging scan parameters
The scan parameters for DTI were as follows: repetition time ( 
Appendix-IV: Comparison of grey matter density
The 3D-MPRAGE images were brain-extracted and grey matter-segmented before being registered to the MNI 152 standard space using non-linear registration. The resulting images were then averaged and flipped along the x-axis to create a left-right symmetric, study-specific grey matter template. Next, all native grey matter images were non-linearly registered to this study-specific template and modulated to correct for local expansion due to the non-linear component of the spatial transformation. The modulated grey matter images were then smoothed with an isotropic Gaussian kernel with sigma of 3mm. Finally, voxelwise general linear model was applied using a permutation-based non-parametric testing.
Appendix-V: TBSS
TBSS was used to align all subjects' FA images to FMRIB58_FA standard-space image and affine the aligned images into 1x1x1 mm 3 MNI152 standard space. An average FA image was created for each section. Then, the average FA images were used to create a mean FA skeleton by applying a threshold of 0.2. Cross-subject statistics were performed for the voxels that form the skeleton. The nonlinear warps and skeleton projection were then applied to the other DTI indices, i.e., radial diffusivity (RD), mean diffusivity (MD), and axial diffusivity (AD). TBSS of RD, MD, and AD was subsequently performed.
Appendix-VI: Probabilistic tractography
The seed regions were generated by using automated anatomical atlas (AAL), and were transformed into the native T1-weighted images using FLIRT algorithm. For fiber tracking, the probability distribution of diffusion directions in each voxel was estimated by using Bayesian sampling techniques (BEDPOSTX). The voxels which had fewer streamlines than 15% of the maximum number of streamlines across all voxels in each reconstructed tract were excluded. The reconstructed probability maps in each region were transformed to the binary images. Seed mask images were subtracted from the binarized probability maps for creating white matter masks to measure the mean FA values of subcortical tissue. Supplemental Table II 
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